INTRODUCTION
Despite the fact that temozolomide (TMZ) constitutes the standard of care for patients with malignant gliomas, these tumors are relatively resistant to chemotherapy (1, 2) . Several mechanisms are thought to account for such resistance, and DNA repair-related genes such as MGMT, MSH2, and MSH6 have been identified as key players involved in tumor survival after treatment with alkylating agents (1, (3) (4) (5) . Moreover, a small population of cells with self-renewal capacity and immature phenotype, called "glioma stem cells," have been shown to be highly resistant to chemotherapy and radiation (6) (7) (8) . In fact, several authors have hypothesized that these tumor stem cells are the source of the recurrent tumors after treatment. The phenotype, ex vivo assays and markers that define such stem cells are debated topics (6) (7) (8) (9) . Bao et al. used CD133 as a putative marker for characterization of these treatmentresistant cells in the setting of radiotherapy (8) . In that study, the CD133 + tumor cell population was enriched after radiation and exhibited an increase in DNA repair capacity. A series of pathways, including the Sonic hedgehog (SHH), Notch and Wnt-β-catenin, have been shown to be implicated in glioma's resistance to alkylating agents and/or the maintenance of brain tumor stem cells. For instance, β-catenin and several of the genes involved in its pathway are overexpressed in experimental rat gliomas (10, 11) . Moreover, overexpression of Dkk-1, a gene encoding for a Wnt antagonist protein, has been shown to sensitize the U87 glioma cell line to the cytotoxic effects of bis-chloronitrosourea (BCNU) and cisplatin (12) .
SHH is involved in the prenatal brain development and is associated with cell proliferation in that setting (13) . The SHH pathway is active in brain tumors, and its antagonism decreases the proliferative capacity of tumor cells (13) . This pathway has been previously found to play a role in glioma progenitor or stem cells (14, 15) . Clement et al. showed that the SHH is critical to the phenotype of CD133 + stem cells found in gliomas (15) .
In addition, the Notch receptor and its pathway have also been shown to mediate proliferation, differentiation and apoptosis, and the specific effects of this pathway highly depend on the cell phenotype in which they are expressed (16, 17) . Not surprisingly, this pathway appears to play a role in the biology of malignant gliomas. Indeed, NOTCH 1 and its ligands Delta-like-1 and Jagged-1 are overexpressed in some glioma cell lines and primary human brain tumor samples, and the NOTCH 1 intracellular domain has been localized in the glioma cell nucleus, suggesting its functional role (18, 19) . Interestingly, downregulation of NOTCH 1, Delta-like-1, or Jagged-1 leads to glioma cell apoptosis and translates into a prolonged survival in a mouse orthotopic brain tumor model (18) . Another study has shown that forced overexpression of NOTCH 1 in glioma cells leads to an increase in proliferation and formation of nestin-positive, neurosphere-forming stem cells (19) . Thus, these data suggest that, in the case of gliomas, Notch might be involved in avoiding apoptosis and promoting proliferation and the development of the "stem-cell" phenotype.
In this study, we hypothesized that SHH and Notch pathways are important for maintenance of the CD133 + glioma cell population; therefore, their activity might cooperate to render these cells resistant to TMZ. We describe the expression profile of SHH and Notch pathways in CD133 + cells from primary glioblastomas as well as the U87MG glioma cell line. We also explore the transcriptional changes within these pathways that follow TMZ treatment. We used pharmacologic antagonists as well as agonists to corroborate the relevance of these pathways and tested the cytotoxic effect of TMZ in this setting. We encountered an additive therapeutic effect in CD133 + glioma cells that is elicited by simultaneous TMZ exposure and NOTCH 1 and SHH antagonism, a finding with potential therapeutic implications.
MATERIALS AND METHODS

Glioblastoma Multiforme (GBM) Specimens and Cell Culture
The human glioma U87MG cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were maintained in minimal essential medium (MEM) (HyClone) supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 0.25 μg/mL amphotericin B (Invitrogen, Carlsbad, CA, USA). Glioblastoma multiforme (GBM) specimens acquired from patients undergoing craniotomy were confirmed by an attending neuropathologist as grade IV glioma, in accordance with World Health Organization histological grading of central nervous system tumors. This study was approved by the Institutional Review Board of the University of Chicago. Informed consent was obtained from all study participants. GBM specimens were cut into small pieces and incubated with artificial cerebrospinal fluid (CSF) (125 mmol/L NaCl, 5 mmol/L KCl, 1. Erythrocytes were removed by using ACK lysis buffer (Lonza, Basel, Switzerland). After sorting, cells were maintained for short-term culture in Neurobasal A media (Invitrogen) with the following supplements: 20 ng/mL recombinant basic fibroblast growth factor (Invitrogen), 20 ng/mL epidermal growth factor (Invitrogen), N2 supplement (Invitrogen), and B27 supplement (Invitrogen) (20) .
Nine cases of primary paraffinembedded GBM tumors (GBM44, GBM50, GBM53, GBM56, GBM57, GBM58, GBM59, GBM69 and GBM72) were obtained from patients undergoing a glioblastoma resection. After the surgery, each sample was embedded into paraffin, and hematoxylin and eosin sections were subjected to histological analysis by a neuropathologist. 
CD133
RNA Isolation and Reverse Transcription
Total RNA was extracted from the cells using an RNAeasy kit (Qiagen, Valencia, CA, USA). Reverse transcription (RT) was carried out using an iScript Reverse Transcription kit (Bio-Rad, Hercules, CA, USA). RNA and cDNA were quantified by using a Nanodrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA), after which 5 μg of sample was reversetranscribed to cDNA using a Superscript cDNA synthesis system (Invitrogen). Isolated RNA was subsequently treated with DNase I (Qiagen).
Expression Analysis
Expression analysis was performed using RT 2 
PCR Validation of Gene Expression
Genes that were found to be upregulated in microarray analysis were validated using semiquantitative PCR analysis of cDNA used for the microarrays. Gene-specific primers were used at 10 pmol per reaction: NOTCH1-forward, 5′-CAGGCAATCCGAGGACTATG-3′; NOTCH1-reverse, 5′-CAGGCGTGTT GTTCTCACAG-3′; NOTCH3-forward, 5′-TCTTGCTGCTGGTCATTCTC-3′; NOTCH3-reverse, 5′-TGCCTCATCC TCTTCAGTTG-3'; HEYL-forward, 5′-AGAAAGCCGAGGTCTTGCAG-3′; HEYL-reverse, 5′-GTAAGCAGGAGAGGA GACAC-3′; SHH-forward, 5′-CGGAG CGAGGAAGGGAAAG-3′; SHH-reverse, 5′-TTGGGGATAAACTGCTTGTAGGC-3′; GAPDH-forward, 5′-GCACAGTCAA GGCCGAGAAT-3′; GAPDH-reverse, 5′-GCCTTCTCCATGGTGGTGAA-3′. PCR was performed using Taq Master Mix (Qiagen) for 30 cycles with annealing at 52°C. PCR products were resolved on a 2% agarose gel, stained with ethidium bromide, and bands were quantified using the Chemidoc Gel documentation system (Bio-Rad).
Real-Time PCR
To validate expression of cellular genes that are implicated in the activity of SHH and Notch pathways, an analysis of gene expression was performed. Total RNA was converted as described in "RNA Isolation and Reverse Transcription." Realtime PCR was conducted by using the SYBRgreener Realtime PCR master mix (Invitrogen). The cDNA fragments were denatured at 95°C for 15 s, annealed at 58°C for 15 s and extended at 72°C for 45 s for 40 cycles with the Bio-Rad Opticon 2 Quantitative PCR system. Each sample was examined in triplicate, and the amounts of the PCR products pro- 
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duced were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which served as an internal control. The primers used in this study were as follows: CD133 (5′-TCCAC AGAAATTTACCTACATTGG-3' and 5′-CAGCAGAGAGCAGATGACCA-3'), GAPDH (5′-TGCACCACCAACTGC TTAGC-3′ and 5′-GGCATGGACT GTGGT CATGAG-3′), actin (5′-TAAGTAGGCG CACAGTAG GTCTGA-3′ and 5′-AAAGT GCAAAGAACACGGCTAAG-3′), GLI1 (5′-TTCCTACCAG AGTCCCAAGT-3′ and 5′-CCCTATGTGAAGCCCTATTT-3′), HES 1 (5′-ACCAACTGGGACGAC ATGGAGAA-3′ and 5′-GTGGTGGTGA AGCTGTAGCC-3′) and HES 5 (5′-TGGAG AAGGCCGACATCCT-3′ and 5′-TGGCT GTCAGCTACCT-3′) (23) (24) (25) .
DNA Extraction and MGMT Methylation Assay
Genomic DNA was isolated from two to three 10-μm-thick paraffin sections after confirmation of the histology. DNA was extracted by using a DNA isolation kit (Qiagen) and further treated by using bisulphate treatment of EZ DNA Methylation Gold Kit (Zymo Research, Orange, CA, USA). PCR amplification was performed basically as reported by Kwong et al. (26) , with specific primers designed to distinguish methylated from unmethylated DNA fragments. The primer sequences were as follows: for the detection of methylated form: methylation forward (MF) 5′-TTTCGACGTTCGTAGGTTTT CGC-3′; methylation reverse (MRev) 5′-GCACTCTTCCGAAAA CGAAACG-3′; for the detection of unmethylated form: unmethylated forward (UF) 5′-TTTGT GTTTTGATGTTTGTAGGTTTTTGT-3′; unmethylated reverse (URev) 5′-AACTC CACACTCTTCCAAAAACAAAACA-3′. For assay control, DNA from A172 human glioma cells was isolated and used as a positive control for the methylated sequence. The control DNA was subjected to bisulfate treatment and further PCR amplification along with patient samples. Methylated and unmethylated DNAs were detected in 3% agarose gel. The results were confirmed twice independently. D 1 7 ( 1 -2 ) 1 0 3 -1 1 2 , J A N U A R Y -F E B R U A R Y 2 0 1 1 
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Drugs
TMZ was supplied by the ScheringPlough Research Institute (Kenilworth, NJ, USA) and was dissolved in dimethyl sulfoxide (DMSO) (Sigma Chemical, St. Louis, MO, USA) to produce a 100 mmol/L stock solution for in vitro experiments. The 100 mmol/L stock solution was dissolved into 2% serum containing media (for in vitro experiments) to obtain 1, 5, 10, 25, 50, 75, 100, 250, 500 and 1,000 μmol/L solutions. The Notch inhibitor GSI-1 and SHH pathway inhibitor cyclopamine were purchased from Sigma and were used at a 5 μmol/L concentration. Smoothened Agonist (SAG) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). One milligram of SAG was dissolved in DMSO to produce a 166 mmol/L stock solution.
LDH Assay
Toxicity was measured by LDH release using a CytoTox-ONE Homogeneous Membrane Integrity Assay kit (Promega, Madison, WI, USA) per the manufacturer's instructions. Briefly, the CD133-sorted or -unsorted population of U87MG, GBM44, GBM50, GBM56, GBM57 or GBM59 cells were seeded in a 96-well plate (1.0 × 10 3 cells/well) 24 h before treatment with drugs. Cells were grown for 5 d with or without treatment, after which LDH release was measured per protocol with either DMSO or 500 μmol/L TMZ prepared with fresh Neurobasal media. Five days after treatment, 20 μL LDH reagent (Promega) was added to each well and optical density (OD)(560 ex /590 em ) was measured by a microplate reader (Bio-Rad). The percentage of cell death was calculated as follows: the difference between the amounts of LDH measured in the media of treated and nontreated cells was divided by the difference between the amounts of LDH measured in the media of totally lysed cells versus normal nontreated cells. Total cell lysis was achieved by incubating the cells in 1% Triton X-100 solution for 10 min at room temperature. For inhibition study, cells were plated at 1 × 10 3 cells per well in a 96-well plate, allowed to attach for 24 h and subsequently exposed to either DMSO, TMZ (100 μmol/L), combination TMZ (100 μmol/L) and GSI (5 μmol/L), or combination TMZ (100 μmol/L) and cyclopamine (5 μmol/L). Inhibition of cell growth was measured in comparison with DMSO-treated cells by the LDH release method.
Agonist Assay
Cells were plated at 1 × 10 3 per well in a 96-well format. Twenty-four hours later, plated cells were treated with either TMZ (100 μmol/L), SAG (3 nmol/L) in DMSO as described by Meloni et al. (27) , combination of TMZ (100 μmol/L) and SAG (3 nmol/L), or with DMSO vehicle for 5 d. Then, part of the cells were subjected to the LDH assay, whereas the total RNA was isolated from the second part (to investigate the level of proactive NOTCH and SHH gene upregulation). LDH analysis was performed on six replicates per one condition. Total RNA was isolated from paired well per condition, and quantitative RT-PCR was performed in each sample at triplicates.
Statistical Analysis
Results were expressed as means ± standard deviation (SD), and a Student t D 1 7 ( 1 -2 ) 1 0 3 -1 1 2 , J A N Table 2 .
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test was used for evaluating statistical significance. A P value <0.05 was considered statistically significant. Analysis of possible synergy between GSI-1, cyclopamine and TMZ was assessed by fractional product methods (28) .
All supplementary materials are available online at www.molmed.org.
RESULTS
Passaged tumor cells and primary GBM specimens contain a small population of CD133 + cells that can be enriched by sorting. To investigate the presence of CD133 + cells in different GBM samples as well as in the cell line U87MG, we used FACS analysis as described earlier (29, 30) . As previously reported (30) , our experiments showed that the population of CD133 + cells was a small fraction of the whole cell pool, with 0.02% in the U87MG cell line, and an average of 2.51% (standard error ± 2.12%) for the primary GBM specimens (Table 1 ). These glioma specimens were then sorted based on CD133 expression, and an average of 68.4% (standard error ± 5.25%) of the resultant population was positive for this marker ( Figure 1A ). To confirm our findings, we performed quantitative RT-PCR analysis of CD133 expression in a population of unsorted and CD133 sorted cells. As shown in Figure 1B , the CD133 + cells express a higher level of CD133 messenger RNA. This level varies from 2-to 65-fold versus unsorted cells. Notch, SHH and Wnt-β-catenin pathway genes are differentially expressed in CD133 + versus unsorted glioma cells.
The transcriptional profile of Notch, SHH and Wnt-β-catenin pathways in CD133 + enriched glioma cell pools was compared with unsorted cells from the same specimens using a PCR-based array system. The results of the analysis of 81 genes from these pathways are summarized in Figure 2 . As shown in Figure 2, Quantitative RT-PCR analysis of NOTCH 1 and SHH expressions in GBM44, GBM50 and GBM53 patient samples. Each sample was examined in triplicate, and the amount of PCR products produced was normalized to either GAPDH or actin, which served as internal controls (P < 0.05).
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multiple-fold more susceptible to TMZ than CD133 + -enriched populations (Figure 5A) . Indeed, treatment of CD133 + cell populations with 500 μmol/L TMZ resulted in 35%, 20%, 23% and 38% cell death in U87MG, GBM44, GBM56 and GBM57 compared with 55%, 60%, 43% and 39%, respectively, in unsorted cells, thus confirming that CD133 + cells are less susceptible to TMZ treatment. Of note, all of our tested cell lines showed a methylated MGMT promoter (Supplementary Figure 1 ).
To identify genes that are associated with this chemoresistance, we performed a PCR array analysis to compare the transcriptional profile of TMZtreated and -untreated CD133 + cell populations. CD133 + -sorted pools from primary samples GBM58 and GBM57 were treated with 100 μmol/L TMZ or DMSO (mock) for 5 d. Interestingly, GBM58 expression analysis showed that TMZ treatment upregulated NOTCH 1, NCOR2 and GLI1 expression (6.64-, 3.73-and 2.79-fold, respectively) ( Table 3) . (33) (34) (35) . GSI-1 interferes with the Notch pathway (36, 37) . Toxicity was assessed in the presence of GSI-1, cyclopamine and TMZ. We observed a significant increase in toxicity in CD133 + cells in response to simultaneous treatment with GSI-1 and TMZ as well as cyclopamine and TMZ ( Figure 6A ). Furthermore, TMZ treatment with simultaneous antagonism of Notch and SHH by GSI-1 and cyclopamine led to the highest toxicity and exhibited 62.31 ± 3.94, 69.83 ± 6.27 and 72.96 ± 5.56% cell killing. Treatment with these inhibitors led to 10-15% toxicity in the absence of TMZ, suggesting the role of these two pathways for CD133 + glioma cell survival. These results are further corroborated with quantitative real-time PCR data ( Figure 6B ). We used the fractional product method to evaluate the combined effects of TMZ together with cyclopamine, GSI-1 or both. As shown in Supplementary Figure 3 , the predicted values from fractional product method are lower than the measured values, suggesting a synergic effect in cases of simultaneous treatment with TMZ, cyclopamine and GSI-1 of CD133 cells. However, because we did not measure dose-response curve for each kind of drug, it was not possible to determine the combination index to differentiate between "additive effect" and "synergy" (38) . Finally, to further confirm that increased cell death is pathway specific, we used a synthetic smoothened agonist, SAG, to activate the SHH pathway. Treatment of CD133 + cells with SAG activated the SHH pathway expression, which further enhanced TMZ resistance ( Figure 7 ).
DISCUSSION
In this study, we explored the transcriptional profile of CD133 + -enriched glioma cells in the context of the SHH, Notch and Wnt-β-catenin pathways. We D 1 7 ( 1 -2 ) 1 0 3 -1 1 2 , J A N U A R Y -F E B R U A R Y 2 0 1 1 
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presumed that these pathways are highly relevant for TMZ resistance that is exhibited by gliomas, since these pathways have been implicated in the tumor's response to alkylating agents or in the development and maintenance of cancer stem cells, a subpopulation that is highly resistant to current therapies (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) 39 We provide functional proof for the role of SHH pathway in CD133 + cells, a finding congruent with some published data (15) . Supporting our findings, this and other studies suggest that cyclopamine has a therapeutic effect for the treatment of brain tumors (15, 40) . Moreover, complementary to the additive cytotoxicity that we found by combining cyclopamine and TMZ, the antiproliferative effect elicited by this pharmacologic agent can be enhanced by combining it with TMZ (15). We show that after treatment with TMZ, CD133 + cells increase the expression of GLI1, suggesting further activation of SHH in response to this cellular insult. Perhaps the baseline activity of SHH pathway in this cell population is partially responsible for its chemoresistance. The mechanisms underlying this phenomenon should be further explored. We also show that the Notch pathway is intricately related to the phenotype of CD133 + glioma cell populations. First, we found overexpression of NOTCH 1 in these cell pools. This finding is consistent with previous work showing the association of Notch pathway with malignant gliomas and more specifically with their stem cell populations (18, 19, 41, 42) . Similar to the case of the SHH pathway, we found that Notch pathway-related genes were upregulated at baseline in CD133 + glioma cells. This pathway activity was further enhanced by exposure to TMZ, as seen by further upregulation of NOTCH 1 in this setting. We confirmed that the Notch pathway contributes to the TMZ resistance, since its antagonism by GSI augmented the cytotoxic effect of TMZ, while stimulation of the pathway enhanced the resistance to TMZ. Previous work has suggested that CD133 + glioma stem cells are more resistant to radiation and exhibit a relatively strong DNA-repair capacity (6-9). Consistent with this, we encountered resistance of CD133 + -enriched glioma cells to TMZ in comparison to their unsorted counterparts. This finding could be related to the DNA-repair capacity of these cells, since TMZ is an alkylating agent that elicits its cytotoxic effects by direct DNA damage (1, (3) (4) (5) ; thus, the interactions of SHH and Notch pathways with the DNA repair machinery remain a possibility. However, the entire tumor samples tested in our study exhibited MGMT promoter methylation, suggesting susceptibility to TMZ-based chemotherapy.
In conclusion, we provide direct evidence to suggest the cooperation of SHH and Notch pathways in the CD133 + glioma cell phenotype and its characteristic resistance to TMZ. We show that the simultaneous antagonism of these two pathways renders these cancer stem cells more susceptible to treatment with TMZ. This finding might lead to therapeutic implications, since TMZ, a component of the current standard of care for patients with malignant gliomas, at best has a modest therapeutic efficacy in only a subset of patients (1, 2) .
